Standard heart rate (HR) monitoring pulse oximeters use light sensors to acquire HR data through photoplethysmography (PPG). By employing a smartphone's camera and processing software, a smartphone can measure HR with PPG. The current study investigated the accuracy of the iPhysioMeter smartphone app in measuring heart rate before, during, and immediately after exercise on a treadmill to determine whether exercise and associated increases in heart rate affected the app's accuracy. Twenty-eight participants (aged 21 -29 years) completed the study. Using a repeated-measures design, HR was measured with the iPhysioMeter app on an iPhone 6s, a 12-lead electrocardiogram (EKG), and a pulse oximeter. The first three stages of the Bruce treadmill protocol were used for standardized exercise testing. Significant differences were found between elevated HR readings from the EKG and pulse oximetry at Bruce 3 and between the iPhysioMeter app and EKG at Bruce 2 and Bruce 3. No significant differences were found for resting values or for Bruce 1 for any of the HR devices. Results suggested HR monitoring apps are an attractive alternative to expensive HR devices because of their usability and affordability. However, because the iPhysioMeter app had limited accuracy with elevated HR during exercise, caution should be used if relying on the app to monitor HR during exercise.
Introduction
Because they measure how well the body is performing essential cardiovascular functions, monitoring vital signs is an important part of any health care provider's job. Commonly collected vital signs are body temperature, HR, blood pressure, and respiratory rate [1] . Recent technologic advances allow smartphones to measure vital signs, and studies have investigated the use of smartphones for measuring heart rate, blood pressure, and respiratory rate [2] - [11] . Using smartphones to identify arrhythmias, such as atrial fibrillation and tachycardia, has also been investigated [12] [13] [14] . The most common vital sign assessed with smartphone apps is heart rate. These apps are readily accessible and frequently used; therefore, it is essential to assess their accuracy.
In addition to manual pulse readings, pulse oximeters are also commonly used to monitor heart rate because they are easy to use and cost effective. Conventional pulse oximeters are placed around a finger, toe, or earlobe, and the accuracy of these is comparable across sites and side of the body [15] . Pulse oximeters operate through photoplethysmography (PPG), which is a low-cost technique that measures oxygen perfusion and heart rate with a photodetector. They can function through two different methods: transmissive, where the photoemitter and photodetector are placed separately from each other, and reflective, where the photoemitter and photodetector are at the same site. Despite their benefits and unlike electrocardiograms (EKGs), pulse oximeters cannot show electric cardiac events. As such, they do not offer a full picture of cardiovascular activity [16] .
Smartphone apps that measure heart rate use reflective PPG technology, where the camera and flash of the smartphone are used to measure the quantity of light absorbed into peripheral tissues as blood pulses through capillaries [2] .
Another benefit of these apps is that they assess heart rate and oxygen perfusion.
Multiple studies have tested finger PPG technology in smartphones with mostly accurate results. For example, Losa-Iglesias et al. [4] found that the Heart Rate Plus app had 97% accuracy in determining heart rate in healthy individuals without diagnosed heart problems when compared with manual radial pulse and pulse oximeter measures. Research on iPhysioMeter, an app that uses technology similar to Heart Rate Plus, has shown that the app can accurately measure heart rate when compared with EKG during mental stress tests and in the presence of controlled horizontal and vertical body movements [5] [6] . However, initial research validating the accuracy of iPhysioMeter was performed by the app's developers. Smartphone PPG technology can also accurately adjust for relatively Open Access Library Journal small changes in heart rate and can accommodate normal and low lighting conditions [7] [8] . A variety of smartphone models have been used in this research, such as HTC, iPhone 4, Nokia, and Samsung Galaxy [2] . Taken altogether, research has demonstrated the ability of smartphones to accurately measure heart rate, even after adjusting for confounding factors, such as light and movement [2] [6] [7] [8] . As such, smartphone technology enables greater involvement in personal health monitoring by providing consumers with a valid tool for detecting heart rate.
Despite advancements in smartphone technology, however, heart rate monitoring apps still have limitations. Ho et al. [9] found apps had trouble measuring heart rates above 120 bpm or in children aged 0 -15 years. Some apps were affected by the body site where heart rate was measured. McManus, Lee and Maitas [14] found apps measuring heart rates above 200 bpm in children were significantly less accurate and reliable than those detecting lower heart rates. Pelegris, Banitsas, Orbach and Marias [8] noted the biggest problems with accuracy were user error, low light (though their average error only changed from 4.13% to 4.67%), and poor hardware (cited Android's 5fps framerate and processing speed). Lázaro, Nam, Gil, Lauguana and Chon [3] suggested smartphone-collected PPG data were more vulnerable to outside interference (e.g., ambient lighting or finger pressure on the camera) than traditional PPG data from pulse oximetry.
Cumulatively, these inaccuracies in heart rate monitoring apps highlight systematic errors in measurement that, once identified, can be accounted for in programming or usage [3] [8] [9] [12] . Correctly identifying causes of error can create more accurate measurements for users and ultimately lead to the development of more valid apps.
Smartphone technology may also be useful to detect heart rate irregularities, such as fibrillation and tachycardia [12] [13] [14] . Research on this technology has been mixed; some studies found 100% accuracy in detecting irregularities but others were unsuccessful in detecting irregularities [12] [13] [14] . For example, Wackel et al. [12] found that apps were not as accurate when dealing with tachycardia that was greater than 200 bpm, while McManus et al. [14] found a novel smartphone application that was 96.5% -100% accurate in detecting atrial fibrillation and irregular pulse. It should be noted that this technology is evolving and may not be as accurate as traditional measurement methods.
Although smartphone technology may be useful for monitoring heart rate, to our knowledge, no studies have investigated the accuracy of heart rate smartphone apps at elevated heart rates, such as during or after exercise. Consequently, we considered measurement of heart rate during and after exercise as an area worthy of investigation. If smartphone apps for measuring heart rate are to be used and interpreted by medical and non-medical users, then the apps need to be accurate and their failure points defined. Therefore, the purpose of the current study was to investigate the accuracy of the iPhysioMeter smartphone app in measuring heart rate before, during, and immediately after exercise to deter- 
Methods

Participants
The number of participants for the current study was determined after a pilot study of 10 individuals and power analysis of that data was performed. Therefore, 28 participants (9 males, 19 females, age range = 21 -29 years) were recruited from in and around a local university through word-of-mouth and social media. Participation was voluntary and non-random convenience sampling was used. Potential participants were excluded if they had been diagnosed with a current and unmanaged heart arrhythmia or other heart condition, pregnancy, diabetes, hypertension, or adverse reactions to exercise as noted on the study's health history questionnaire. They were also excluded if they displayed signs of illness or injury on the day of data collection. Potential participants with a positive diagnosis of a heart condition that had been medically or surgically corrected were allowed to participate in the study provided their condition did not interfere with data collection (e.g., app was unable to detect a pulse) and they were cleared to perform exercise. Participants had to be able to complete 9 minutes of the Bruce treadmill protocol at increasing speeds and inclines. All participants were asked to wear athletic attire, including tennis shoes; and males were asked to come with a clean-shaven chest. Approval for the study was obtained from the local institutional review board before the recruitment process.
All participants were provided with a description of the exercise protocol and the process for measuring heart rates, and they signed an informed consent form before data collection.
Instrumentation
The following instrumentation was used in the current study: Apple iPhone 6S 
Design and Data Collection
When participants arrived for data collection, the testing procedure was explained to them. Participants then completed a health history questionnaire to ensure they could participate. The questionnaire asked for basic demographic information (sex, age, height, weight) and about medical conditions or heart medications, exercise restrictions, and current illness. Participants were then connected to a 12-lead EKG in a separate, private room by two study investigators. The same investigator placed the leads on every participant. Baseline blood pressure measurements were taken to monitor for safety and recovery before and after testing. Participants were instructed to hold the iPhone in their right hand with their index finger covering the phone's camera lens per iPhysioMeter app instructions. The phone was secured in place with a Velcro strap around the back of the participant's hand. The pulse oximeter was placed on the participant's left index finger.
Initial heart rate measurements were taken at the start of data collection with the participant in supine position (Initial 1) using the iPhysioMeter app, EKG, and pulse oximeter concurrently. Participants were then moved to a sitting position (Initial 2), and all measurements were repeated. Participants were moved to a standing position (Initial 3), and all measurements were again repeated. After initial measurements, participants moved to the treadmill and began the Bruce protocol. During the last minute of each of the three stages, heart rate measurements were collected concurrently from all three devices. After completing the three stages of the Bruce protocol, participants had a 3-minute cool down period of walking at a speed of 1.5 mph with a 0% incline. The treadmill was then stopped, and heart rate measurements (Post) were again taken concurrently from all three devices. Before leaving the lab and ending their data collection session, participants had final heart rate measurements and blood pressure readings taken to ensure proper recovery. All participants remained in the lab until baseline levels were reached.
Patient safety was monitored during the testing sessions. The Borg Scale of Perceived Exertion was administered at the beginning of each phase. Symptoms were also monitored and testing was stopped if participants experienced any adverse responses at any point, such as angina, light-headedness, extreme shortness of breath, or other adverse symptoms. Testing was also stopped when requested by the participant or when the participant reached the age-predicted maximum heart rate. The blood pressure readings obtained before and after testing were used for monitoring participant safety but were not used in the data analysis.
Data Analysis
Heart rate data collected during the study was analyzed using SPSS version 21. Open Access Library Journal
Descriptive statistics of heart rate, including means, standard deviations and ranges, are reported. A repeated-measures ANOVA was used to test for differences between stages (1 -7) and an interaction between device (EKG, Pulse Ox, and App) and stage. A random participant effect was included to account for common effects from an individual. Mauchly's criterion was used to test whether Huynh-Feldt conditions on the covariance are too restrictive and Greenhouse-Geisser was used as necessary to adjust p-values. Post-hoc tests included separate repeated-measures ANOVA for each stage to confirm the location of the significant differences in the interaction between stage and device. Further post-hoc tests using paired t-tests were used to confirm the location of the significant differences among devices within stages. Bonferroni correction was used to adjust the significance level of the paired t-tests to alpha = 0.008. For all other tests, statistical significance was defined as P < 0.05.
Results
Heart rate data for all time points are summarized in Table 1 . Mauchley's criterion indicated Huynh-Feldt conditions are too restrictive (P < 0.001), thus
Greenhouse-Geisser adjusted p-values are reported. Heart rate increased from Initial 1 (iPhysioMeter, 74 bpm; EKG, 70 bpm; pulse oximeter, 71 bpm) to Bruce 3 (iPhysioMeter, 127 bpm; EKG, 165 bpm; pulse oximeter, 144 bpm) (P < 0.05). A significant interaction between the device and protocol stage was confirmed (P < 0.001). Differences between devices were found for Bruce 2 (P = 0.004) and Bruce 3 (P < 0.001) as shown in Table 1 . Significant differences were found between EKG and the App in Bruce 2 (difference = 15 bpm) and 3 (difference = 38 bpm) and between EKG and Pulse Oximetry in Bruce 3 (difference = 21 bpm). No significant differences were noted between devices for measurements taken at rest, during stage one of the Bruce protocol, or following exercise.
Discussion
The EKG is considered the gold standard for measuring heart rate, but it can be expensive to use and not readily accessible to the public. Therefore, alternative measuring methods need to be explored. Smartphone apps are an easy, inexpensive way to measure heart rate, but research is limited about their accuracy of heart rate measurements during periods of elevated heart rate. In the current study, we compared the accuracy of iPhysioMeter, a smartphone app, during exercise with EKG and pulse oximetry. While all three devices appeared to be consistent when study participants were at rest, significant differences were found between the devices during the second and third stages of the Bruce treadmill protocol. Specifically, iPhysioMeter became increasingly inaccurate as participant heart rate increased. As such, heart rates above 134 bpm (measured by EKG at Bruce 2) may not be accurately measured by iPhysioMeter during exercise. Our results also suggested that pulse oximetry may become inaccurate at higher heart rates. Given these results, clinicians should use the iPhysioMeteror Table 1 . Heart rate data of study participants (n = 28) measured by the iPhysioMeter iPhone app, electrocardiogram (EKG), and pulse oximetry at all study time points. Note: Bruce 1 = heart rate measured in last minute of first stage of Bruce treadmill protocol; Bruce 2 = heart rate measured in last minute of second stage of Bruce treadmill protocol; Bruce 3 = heart rate measured in last minute of third stage of Bruce treadmill protocol; Initial 1 = heart rate measured in supine; Initial 2 = heart rate measured in sitting; Initial 3 = heart rate measured in standing; Post = heart measured after cool down. P by post-hoc repeated-measures ANOVA. * = significant difference between devices.
pulse oximetry with caution when monitoring the heart rates of patients during exercise because these methods may provide inaccurate results at higher heart rates. The current study had several limitations. We used a controlled exercise protocol and secured the smartphone to the participant's hand, which may not accurately reflect how iPhysioMeter would be used by the general population. Other factors may have also impacted results, such as a cold testing environment, calibration issues, dynamic movement when exercising, and EKG lead placement (including dislodgement during testing). Occasionally, iPhysioMeter and the pulse oximeter had difficulty acquiring a reading, which resulted in missing data and may have caused inconsistent heart rate readings. However, no outlier data were removed from the analysis. The decision to keep all data points was meant to reflect how the app would be used by the general population. In some instances, apps have technical difficulties; therefore, the decision was made to ensure realistic results.
Conclusion
A free heart rate monitoring smartphone app is an attractive alternative for individuals who do not have access to other heart rate monitoring devices. However, results of the current study suggest that the iPhysioMeter app has limitations at the elevated heart rates seen during exercise. Therefore, the accuracy of the application does not compare well with the gold standard EKG. Additional studies should investigate other vital sign smartphone apps and devices. Further, as technology continues to advance, additional research is needed to establish more accurate heart rate monitoring hardware and software.
